Telomeres define the ends of linear eukaryotic chromosomes and are required for genome maintenance and continued cell proliferation. The extreme ends of telomeres terminate in a single-strand protrusion, termed the G-overhang, which, in vertebrates and fission yeast, is bound by evolutionarily conserved members of the POT1 (protection of telomeres) protein family. Unlike most other model organisms, the flowering plant Arabidopsis thaliana encodes two divergent POT1-like proteins. Here we show that the single-strand telomeric DNA binding activity present in A. thaliana nuclear extracts is not dependent on POT1a or POT1b proteins. Furthermore, in contrast to POT1 proteins from yeast and vertebrates, recombinant POT1a and POT1b proteins from A. thaliana, and from two additional Brassicaceae species, Arabidopsis lyrata and Brassica oleracea (cauliflower), fail to bind single-strand telomeric DNA in vitro under the conditions tested. Finally, although we detected four single-strand telomeric DNA binding activities in nuclear extracts from B. oleracea, partial purification and DNA cross-linking analysis of these complexes identified proteins that are smaller than the predicted sizes of BoPOT1a or BoPOT1b. Taken together, these data suggest that POT1 proteins are not the major single-strand telomeric DNA binding activities in A. thaliana and its close relatives, underscoring the remarkable functional divergence of POT1 proteins from plants and other eukaryotes.
INTRODUCTION
Telomeres cap the ends of eukaryotic chromosomes, protecting the termini from a DNA damage response that would lead to inappropriate recognition of chromosome ends as double-strand DNA breaks. Telomeres also allow for the complete replication of chromosome ends through the action of telomerase. In eukaryotes, telomeric DNA consists of simple G-rich repeat arrays. Most plant telomeres, for example, are composed of TTTAGGG repeats, which in Arabidopsis range in size from 2 to 5 kb (Richards and Ausubel, 1988; Shakirov and Shippen, 2004) . A few plants harbor non-canonical telomere sequences. In several cases, human-type TTAGGG repeats have been found, but in other instances, the telomere sequence is unknown (reviewed by Fajkus et al., 2005) . Telomeric DNA is comprised of two distinct regions, a double-stranded region accounting for most of the telomeric tract, and a short G-rich single-strand protrusion, termed the G-overhang. In Arabidopsis, the G-overhang is estimated to be approximately 20-30 nucleotides long (Riha et al., 2000) .
Vertebrate telomeres are bound by a six-member protein complex termed shelterin, which is in contact with both the double-and single-strand portions of the telomere (de Lange, 2005) . Proteins that bind the doublestrand region include Rap1p and Taz1p in budding and fission yeast, respectively, and TRF1 and TRF2 in vertebrates (reviewed by Kanoh and Ishikawa, 2003) . These proteins are required for chromosome end protection (van Steensel and de Lange, 1997; van Steensel et al., 1998) , telomerase regulation (Marcand et al., 1997) and T-loop formation (Griffith et al., 1999) . Sequence homologs of the human TRF proteins have also been identified in plants (Karamysheva et al., 2004; Yang et al., 2004; Hong et al., 2007) , and appear to constitute a large gene family in Arabidopsis (Karamysheva et al., 2004) ; however, their exact contributions to telomere biology are unclear.
In budding yeast, the single-strand G-overhang is bound by a trimeric Replication Protein A (RPA)-like complex termed CST, which consists of Cdc13/Stn1/Ten1 proteins (Gao et al., 2007) . TEN1 and STN1 orthologs have recently been reported in Schizosaccharomyces pombe (Martin et al., 2007) ; however POT1 (protection of telomeres 1) appears to be the major factor associated with single-strand telomeric DNA in both fission yeast and vertebrates. POT1 proteins have been implicated in telomere length control and chromosome end protection, and in mediating the DNA damage response (reviewed by Palm and de Lange, 2008; Xin et al., 2008) . Structurally, POT1 is defined by the presence of two N-terminal oligosaccharide/oligonucleotide binding folds (OB folds) (Mitton-Fry et al., 2002) . The crystal structures of human and S. pombe POT1 reveal that several conserved residues in the first and second OB folds are in contact with telomeric DNA 3¢ ends (Lei et al., 2003 (Lei et al., , 2004 . The C-terminus of mammalian POT1 proteins is required for interaction with TPP1 (Liu et al., 2004) , another shelterin component that is needed for chromosome end protection and complete shelterin assembly (reviewed by Smogorzewska and de Lange, 2004) .
Members of the POT1 gene family are widely dispersed among both higher and lower eukaryotes (Baumann et al., 2002) . However, despite sequence conservation among POT1 proteins, their functions have diverged rapidly. For instance, while most vertebrates encode only a single POT1 protein, mouse encodes two divergent proteins, POT1a and POT1b, which have partially non-overlapping functions at the telomere (Hockemeyer et al., 2006; Wu et al., 2006) . Similarly, Caenorhabditis elegans, Euplotes crassus and Tetrahymena thermophila harbor at least two POT1-like proteins with functions and interacting partners that are distinct from those of mammalian POT1 (Wang et al., 1992; Jacob et al., 2007; Raices et al., 2008) . Intriguingly, the C. elegans protein CeOB-2 binds single-strand DNA corresponding to the C-rich telomere strand instead of the G-rich strand (Raices et al., 2008) .
POT1-like proteins have also been identified in Arabidopsis and other plants (Baumann et al., 2002; Kuchar and Fajkus, 2004; Shakirov et al., 2005; Tani and Murata, 2005; Shakirov et al., 2008) . Arabidopsis thaliana harbors two highly divergent POT1 paralogs, AtPOT1a and AtPOT1b, which encode proteins with only 50% amino acid similarity (Shakirov et al., 2005) . A third, truncated gene, termed AtPOT1c, has also been found (E. Shakirov, A. Nelson (Texas A&M University) and D. Shippen, unpublished data), but its function is unknown. Plants over-expressing the N-terminus of AtPOT1b suffer extensive erosion of telomeric DNA tracts as well as chromosome fusions (Shakirov et al., 2005) , suggesting that AtPOT1b may contribute to chromosome end protection in a manner similar to the S. pombe and vertebrate POT1 proteins. In contrast, a null mutation in AtPOT1a leads to a dramatic decrease in telomerase activity in vivo, and results in progressive telomere shortening with each plant generation (Surovtseva et al., 2007) . AtPOT1a physically associates with the telomerase enzyme, but shows no detectable telomeric DNA binding in vitro (Surovtseva et al., 2007) , despite harboring two characteristic OB-fold domains with structural similarity to those of mammalian and fission yeast POT1 proteins. These findings raise the question of whether the POT1 protein family in Arabidopsis truly represents the major G-overhang binding activity in plants.
Here we examine single-strand telomeric DNA binding activities in Arabidopsis thaliana and two additional members of the Brassicaceae family, Arabidopsis lyrata and Brassica oleracea (cauliflower). We present evidence that Arabidopsis and Brassica nuclear extracts harbor highly specific single-strand telomeric DNA binding activities. Surprisingly, however, analysis of Arabidopsis mutants lacking AtPOT1a and AtPOT1b proteins indicated no obvious impact on the biochemical properties of the telomeric DNA binding protein. Furthermore, we were unable to detect the binding of recombinant Brassicaceae POT1 proteins to single-strand telomeric DNA in vitro. Finally, analysis of the DNA binding component of the most specific telomeric DNA binding complex in B. oleracea did not uncover proteins corresponding to BoPOT1a or BoPOT1b. We conclude that POT1 proteins are unlikely to be the major telomeric G-strand binding factors in Brassicaceae.
RESULTS

POT1-independent single-strand telomeric DNA binding activity in Arabidopsis
In vertebrates and fission yeast, single-strand telomeric DNA binding is a crucial feature of POT1 protein function. The POT1 interaction with telomeric DNA substrates is robust, with apparent K d values ranging from 0.46 to 9.5 nM depending on the organism (reviewed by . Our initial attempts to detect recombinant AtPOT1a binding to telomeric DNA in vitro failed (Surovtseva et al., 2007) , and therefore we attempted to determine whether endogenous AtPOT1a or AtPOT1b could form a complex with single-strand telomeric DNA in vivo. For these studies, we used electrophoretic mobility gel-shift assays (EMSAs) with nuclear extracts produced from wild-type, POT1a-and POT1b-deficient plants (Surovtseva et al., 2007; E. Shakirov, A. Nelson, D. Shippen, unpublished data) .
First, an EMSA was performed using wild-type Arabidopsis extracts incubated with radiolabeled (TTTAGGG) 5 . A single major shifted band was observed (Figure 1, lanes 2 and 13). Telomeric DNA binding was specific, as 50-fold excess of a non-telomeric cold competitor failed to compete (Figure 1, lanes 3 and 4) , while cold telomeric (TTTAGGG) 5 oligonucleotide competed well at a fivefold excess (Figure 1 , lanes 5 and 6). Telomeric DNA binding was length-dependent. The efficiency of competition decreased for oligonucleotides containing fewer than five telomere repeats ( Figure 1 , lanes 7-10). An oligonucleotide with only two telomeric repeats failed to compete when supplied in 50-fold excess over the labeled oligonucleotide ( Figure 1 , lanes 11 and 12). We conclude that Arabidopsis nuclear extracts contain specific and length-dependent G-strand telomeric DNA binding activity.
To determine whether POT1a makes a significant contribution to the G-strand telomeric DNA binding activity observed with wild-type Arabidopsis, we performed an EMSA using nuclear extracts prepared from mutant plants bearing a T-DNA insertion in the AtPOT1a gene that abolishes AtPOT1a protein production (Surovtseva et al., 2007) . No detectable change in the intensity or migration of the shifted band was observed ( Figure 1, lane 14) .
Next we determined whether the gel-shift pattern changed when using nuclear extracts prepared from AtPOT1bdeficient plants. Recently, we identified a GeneTrap line in the Cold Spring Harbor collection (http://genetrap.cshl.org/) that has a T-DNA insertion in the second exon of the AtPOT1b gene. RT-PCR results confirmed that the expression of AtPOT1b full-length mRNA is abolished, but pot1b-1 mutants are wild-type in appearance and fully fertile. In contrast to pot1a mutants (Surovtseva et al., 2007) , the bulk telomere length in pot1b-1 plants is not perturbed (data not shown). A detailed analysis of the Arabidopsis pot1b mutant will be described elsewhere (E. Shakirov, A. Nelson, D. Shippen, unpublished data) . As with pot1a mutants, we observed no change in the intensity or migration of the single-strand telomeric DNA-protein complex in pot1b mutants relative to wild-type ( Figure 1, lane 15) . These data imply that neither POT1a nor POT1b is a major telomeric G-strand binding factor in Arabidopsis.
Recombinant Arabidopsis POT1a and POT1b do not exhibit single-strand telomeric DNA binding in vitro
The inability to detect telomeric DNA binding for endogenous Arabidopsis POT1a and POT1b prompted us to more rigorously examine the biochemical properties of these proteins in vitro. Despite repeated efforts with different expression regimes in Escherichia coli and insect cells, and multiple attempts to improve protein solubility using various peptide tags and re-solubilization protocols, we were unable to identify conditions that produced soluble protein. Therefore, we turned to an in vitro eukaryotic expression system, rabbit reticulocyte lysate (RRL), for protein production. Soluble AtPOT1a and AtPOT1b were obtained (Figure 2b , lanes 2 and 3) and were used in an EMSA. As a positive control, we expressed the OB-fold domains of mouse POT1a (mPOT1a_N) ( Figure 2b , lane 1), which displays robust binding to mammalian telomeric DNA in vitro (Wu et al., 2006) . As expected, mPOT1a_N bound an oligonucleotide corresponding to two vertebrate telomere repeats (GGTTAG) 2 (Figure 2c , lane 1). Under the same conditions, we could not detect AtPOT1a binding to oligonucleotides containing either two or five copies of the plant telomere repeat TTTAGGG (Figure 2c Figure S1 , lane 1). As for AtPOT1a, AtPOT1b also failed to bind single-strand G-rich telomeric DNA oligonucleotides under these conditions (Figure 2c , lane 3 and Figure S1 , lane 3).
Removal of the C-terminus from S. pombe POT1 and mouse POT1a significantly increases their affinity for singlestrand telomeric DNA (Baumann and Cech, 2001 ; Wu et al., Figure 1 . Single-strand telomeric DNA binding activity in Arabidopsis is not dependent on POT1 proteins. EMSAs were performed with radioactively labeled (TTTAGGG) 5 oligonucleotide (lane 1) and wild-type Arabidopsis nuclear extract (lanes 2 and 13). Competition assays were performed with the indicated fold excess of a cold nontelomeric oligonucleotide 5¢-GACTGAGCTCGT CGGATCCAATAAAACCTTAATGT-3¢ (lanes 3 and 4), as well as excess cold oligonucleotides containing five (lanes 5 and 6), four (lanes 7 and 8), three (lanes 9 and 10) or two (lanes 11 and 12) telomeric repeats. EMSAs were also performed with nuclear extracts from pot1a-1 (lane 14) and pot1b-1 (lane 15) mutants. The single shifted band is indicated by the arrow.
2006). A similar experiment was performed with AtPOT1a and AtPOT1b, but no DNA binding was observed when the C-terminus was deleted from either of the two plant proteins, or when only one of the two OB folds was used for EMSA ( Figure 2c , lanes 10, 11, Figure S1 , lanes 9, 10, and data not shown). Likewise, co-expression of AtPOT1a and AtPOT1b in the same RRL reaction also failed to generate DNA binding (data not shown). Three regions with the highest amino acid conservation (gray squares) were identified in OB2 (motif A) and CTD (motifs B and C). Bottom panels: amino acid alignment of motifs A, B and C in Brassicales POT1 proteins. Arrows indicate the positions of degenerate primers for RT-PCR used for the initial cloning of the partial cDNAs. Black arrows correspond to primers specific for all cDNAs. Gray arrows represent primers specific for the POT1b lineage. Numbers indicate amino acid positions relative to the start codon. The alignment was generated using MEGA 3 software (Kumar et al., 2004) and is visualized in the BOXSHADE format. To test for C-strand telomeric DNA binding by AtPOT1a and AtPOT1b, EMSA was performed using either two or five copies of the C-rich plant telomere repeat. No binding to these oligonucleotides was detected, nor to oligonucleotides corresponding to double-strand plant telomere repeats (data not shown). While it is possible that Arabidopsis POT1 proteins bind telomeric DNA with an affinity below our detection limit, the data suggest that, unlike POT1 proteins from vertebrates and yeast, AtPOT1a and AtPOT1b do not bind single-strand telomeric DNA under standard gel-shift conditions.
Identification and analysis of POT1a and POT1b from Brassicaceae species
We next determined whether the failure to observe singlestrand telomeric DNA binding was due to a peculiarity of A. thaliana POT1a or POT1b by examining the DNA binding properties of POT1 proteins from related plants. We cloned POT1a and POT1b cDNAs from two other members of the Brassicaceae family, Arabidopsis lyrata, which shared a last common ancestor with A. thaliana 5.2 million years ago (Koch et al., 2000) , and Brassica oleracea (cauliflower), which diverged from the Arabidopsis lineage approximately 20 million years ago (Bailey et al., 2006) . Using sequence data for Arabidopsis POT1 genes and the single-copy POT1 gene present in Carica papaya (Shakirov et al., 2008) , which belongs to the same Brassicales order and shared a last common ancestor with Brassicaceae approximately 70 million years ago (Wikstrom et al., 2001) , we identified three highly conserved motifs in the second OB fold and in the C-terminal domain (CTD) of the Brassicales POT1 proteins, termed A, B and C (Figure 2a ). Using these motifs, we designed degenerate primers for RT-PCR experiments and cloned the corresponding Brassicaceae cDNAs. Like A. thaliana, both A. lyrata and B. oleracea harbor POT1a and POT1b homologs, suggesting that the POT1 gene duplication occurred early in evolution of the Brassicaceae lineage. POT1a and POT1b proteins from Brassicaceae species appear to be equally diverged from C. papaya POT1 (53-57% and 57-58% overall amino acid similarity to CpPOT1, respectively), with extensive sequence conservation in the C-terminus and several additional regions throughout the polypeptides (Figure 2a ).
Recombinant POT1a and POT1b proteins from A. lyrata and B. oleracea expressed in RRL were soluble ( Figure 2b , lanes 4-7) and were analyzed by EMSA. As for A. thaliana, POT1a and POT1b proteins from A. lyrata and B. oleracea did not show detectable telomeric DNA binding in vitro (Figure 2c , lanes 4-7 and Figure S1, lanes 4-7) . Furthermore, using a variety of gel-shift conditions and truncated versions of the proteins, we also failed to detect telomeric DNA binding with recombinant proteins encoded by the singlecopy POT1 genes in cotton (Gossypium hirsutum), poplar (Populus trichocarpa) and potato (Solanum tuberosum) (data not shown), which diverged from the Arabidopsis lineage 85, 100 and 120 million years ago, respectively (Wikstrom et al., 2001) . Thus, the inability of AtPOT1a and AtPOT1b to associate with telomeric DNA under these assay conditions is not a peculiarity of Arabidopsis, but instead appears to be a common feature shared by POT1 proteins from other dicots.
Identification of single-strand telomere binding activities in B. oleracea nuclear extracts Several candidate single-strand telomeric DNA binding proteins have been identified in Arabidopsis, tobacco and Chlamydomonas through a combination of biochemical purification techniques and MS analysis (Petracek et al., 1994; Hirata et al., 2004; Yoo et al., 2007) . However, none of the factors studied so far correspond to POT1 or any other OB fold-containing proteins. Therefore, we determined whether POT1 could be biochemically purified as the major single-strand telomeric DNA binding activity from a plant that is both closely related to Arabidopsis thaliana and for which a POT1 gene(s) has been cloned. For this test, we chose B. oleracea, as this species is an abundant source of biochemical material. Furthermore, several genome sequencing projects are underway for Brassica species, including B. oleracea (http:// www.genomesonline.org), and thus Brassica is poised to become a valuable tool for comparative telomere genomics in Brassicaceae.
EMSAs were performed using G-rich telomeric oligonucleotides and B. oleracea nuclear extracts. Four shifted complexes were found, designated A, B, C and D, from top to bottom (Figure 3, lane 2) . An additional signal (asterisk) was also detected, but was less stable and was not observed in some extract preparations. Addition of proteinase K to the binding reaction abolished the formation of all four major complexes, while addition of RNase A had no effect (data not shown), suggesting that the complexes are formed by protein factors. No shifted band was observed with a C-rich telomeric oligonucleotide (C 3 TA 3 ) 5 or with duplex telomere repeats (data not shown). Addition of up to a 100-fold molar excess of cold (T 3 ACG 2 ) 5 oligonucleotide bearing one nucleotide mutation in each telomere repeat did not abolish binding (Figure 3, lanes 11 and 12) , indicating that the binding was sequence-specific. This conclusion was supported by competition experiments using human (TTAGGG) 5 and ciliate Oxytricha nova (T 4 G 4 ) 5 sequences (Figure 4a ). Complexes C and D were abolished when the human telomere repeat competitor was used, while complexes A and B showed only a minor reduction in binding with up to 100-fold excess of (TTAGGG) 5 (Figure 4a , lanes 5 and 6). No competition was observed with the ciliate telomeric DNA (Figure 4a, lanes 7 and 8) . Thus, the four B. oleracea complexes exhibit distinct DNA binding properties, with the two slower-migrating complexes being the most specific for the plant telomere repeat sequence.
Several proteins with RNA recognition motifs display both telomeric DNA and RNA binding activities (Lin and Zakian, 1994; LaBranche et al., 1998) . To determine whether the B. oleracea DNA binding proteins also interact with RNA, competition experiments were performed with the plant telomere RNA sequence. No competition was observed in the presence of up to 100-fold excess of cold (U 3 AG 3 ) 5 oligoribonucleotide (Figure 4b, lanes 9 and 10) . Altogether, these results indicate that the B. oleracea activities we identified are highly specific for single-strand G-rich telomeric DNA substrates.
Analysis of B. oleracea single-strand telomeric DNA binding activities
In yeast and vertebrates, POT1 proteins bind to a minimum sequence of 10-12 telomeric nucleotides, roughly corresponding to two telomeric repeats (Lei et al., 2004; Wei and Price, 2004; . Therefore, competition assays were performed with oligonucleotides of differing lengths to determine the number of telomeric repeats necessary for efficient DNA binding by B. oleracea. Similar to the situation for Arabidopsis nuclear extracts, oligonucleotides with more telomeric repeats showed progressively better competition (Figure 3, lanes 3-6) . Although an oligonucleotide with five telomeric repeats was the best competitor for all complexes (Figure 3, lanes 7 and 8) , some competition was detected with as few as three telomeric repeats. Notably, complex D was competed away with all of the cold telomeric oligonucleotides used in the study, suggesting that it requires the least number of telomeric repeats for binding. In contrast, complexes A, B and C preferred longer substrates for efficient binding. Surprisingly, oligonucleotides with six telomeric repeats competed less efficiently than oligonucleotides with five telomeric repeats ( Figure 3, lanes 9 and10 ). It is possible that the (T 3 AG 3 ) 6 oligonucleotide undergoes a conformational change in solution to form a secondary structure that prevents efficient protein binding. Telomeric oligonucleotides are known to form 'G-quartet' structures in vitro (Sundquist and Klug, 1989 ) that may be inhibitory for telomere protein binding. Further biochemical and biophysical analysis will be required to address this possibility.
Several single-strand telomeric DNA binding factors, including S. pombe POT1 (Sheng et al., 1995; Baumann and Cech, 2001) , display a strong binding preference for the free 3¢ OH. To determine whether the B. oleracea telomeric DNA binding activities exhibit a preference for 3¢ ends, we performed competition experiments with oligonucleotides containing five telomeric repeats located in the middle or at the 5¢ or 3¢ end of the DNA. Both the 5TELO-5¢ (5¢ position) and 5TELO-MID oligonucleotides competed much better for binding than 5TELO-3¢ (3¢ position) ( Figure 4b, lanes 3-8) , suggesting that the B. oleracea proteins do not have a preference for the free 3¢ OH. A similar result was observed for human and chicken (Gallus gallus) POT1 proteins (Loayza et al., 2004; Wei and Price, 2004) , as well as for the single-strand telomeric DNA binding activities from rice (Oryza sativa, Kim et al., 1998) . Overall, B. oleracea complexes A and B appear to harbor DNA binding proteins with the greatest specificity for the plant telomere sequence, and thus may represent the true G-overhang binding factors.
Purification and characterization of telomere binding proteins in B. oleracea
To further investigate the biochemical properties of the B. oleracea single-strand telomere binding proteins, we subjected B. oleracea nuclear extracts to size fractionation on a Superose 12 column. Each eluted fraction was analyzed for DNA binding activity. As shown in Figure 5 , the peak of activity for complexes A and D eluted in fractions 32 and 33 (50-80 kDa), while fraction 30 (150-160 kDa) contained proteins necessary for formation of complex C. Complex B had a major peak in fraction 33 (50-80 kDa) and a minor peak in fraction 30 (150-160 kDa). An additional high-molecular-weight complex, indicated by the asterisk, was formed in fractions 28 and 29 (170-200 kDa). These data indicate that complexes A, B and D elute in the 50-80 kDa size range, which potentially overlaps with the predicted sizes of B. oleracea POT1 proteins (52.5 kDa for BoPOT1a and 51.5 kDa for BoPOT1b, based on cloned cDNA).
As discussed above, the telomeric DNA binding activities present in B. oleracea complexes A and B show the highest specificity for the plant telomere sequence, a characteristic feature of bona fide single-strand telomere binding proteins. Complex A routinely eluted as a single peak, while complex B segregated into two peaks on a number of columns (see below), suggesting that it was not homogeneous. Thus, we focused on analysis of the DNA binding component(s) within complex A. B. oleracea nuclear extracts were subjected to ammonium sulfate precipitation, preparative isoelectric focusing and size-exclusion chromatography (Figure 6a, Figures S2 and S3 and Appendix S1). This protocol allowed us to selectively purify complex A from other B. oleracea telomeric DNA binding activities.
To estimate the apparent molecular weight of DNA binding components within complex A, proteins in Superose 12 fractions 20-28 ( Figure S3 ) were allowed to interact with 32 P-labeled (T 3 AG 3 ) 5 , and then were irradiated with UV light to form covalent protein-DNA bonds. The cross-linked fractions were subjected to SDS-PAGE, and the gel was autoradiographed. A major cross-linked band was visible across fractions 22-28, peaking in fraction 25 (Figure 6b ), which coincides with the peak of complex A DNA binding activity in the EMSA ( Figure S3 ). The estimated size of this band is approximately 42 kDa, which includes both the protein and the DNA oligonucleotide cross-linked to it. Upon subtracting the weight of the DNA, the size of the putative telomeric DNA binding protein is less than 30 kDa.
As the size of this B. oleracea DNA binding protein is 2-3 times smaller than the size observed for complex A as a whole (50-80 kDa), complex A may either be formed by oligomerization of the DNA binding protein itself or by its association with additional subunits through protein-protein interactions. This DNA binding protein subunit may also be shared by complex B, as fractions 22 and 23 with the peak of complex B activity ( Figure S3 ) appear to have the same DNA binding component as complex A (Figure 6b ).
In conclusion, regardless of the overall protein subunit composition in complexes A and B, their DNA binding protein component is considerably smaller in size than the predicted molecular weights of B. oleracea POT1a and POT1b proteins (approximately 50 kDa). This finding provides further evidence that Brassicaceae POT1 proteins are unlikely to contribute to the formation of the highly specific single-strand telomeric DNA binding complexes observed in wild-type Arabidopsis and Brassica nuclear extracts.
DISCUSSION
Since the green plant lineage separated from the rest of the eukaryotes approximately 1.5 billion years ago (Hedges et al., 2004; Yoon et al., 2004) , dramatic differences in the composition and functions of telomere-associated proteins may have accumulated between plants and other organisms. In support of this, at least three members of the vertebrate shelterin complex (TPP1, TIN2 and RAP1) have no obvious sequence homologs in the sequenced genomes of Arabidopsis or other plants. In contrast, POT1-like proteins appear to be conserved across eukaryotic evolution and perform essential functions in telomere biology for a number of organisms, including S. pombe, vertebrates and plants. In yeast and vertebrates, telomeric DNA binding is required for POT1 function in vivo. Genetic experiments demonstrated that the absence of functional OB folds in POT1 leads to phenotypes similar to those displayed by null mutants, and result in telomere de-protection (Bunch et al., 2005; Barrientos et al., 2008) and perturbations of telomere length regulation (Loayza and de Lange, 2003; Bunch et al., 2005) . In striking contrast, the data presented here argue that single-strand telomeric DNA binding is not a function shared by the POT1 proteins in the plant kingdom.
The A. thaliana POT1a and POT1b genes were predicted to encode bona fide POT1 proteins, based on the presence of two OB folds of the Telo_bind_N type (Baumann et al., 2002; Shakirov et al., 2005) . The overall structure of these plant OB folds is remarkably conserved with respect to the corresponding protein domains in the human and S. pombe POT1 proteins (J. Croy and D. Wuttke, University of Colorado, personal communication). However, the current genetic data are inconsistent with a major role for AtPOT1a and AtPOT1b in G-overhang binding and protection. First, unlike its vertebrate counterparts, AtPOT1a is not a stable component of plant telomeres. Instead, AtPOT1a physically associates with the telomerase RNP and is enriched at telomeres only in S phase (Surovtseva et al., 2007) . Second, while dominantnegative experiments implicated AtPOT1b in chromosome end protection (Shakirov et al., 2005) , AtPOT1b null mutants display only mild defects in telomere architecture, inconsistent with a major role in G-overhang protection (E. Shakirov, A. Nelson, D. Shippen, unpublished data).
Here we provide biochemical evidence indicating that Brassicaceae POT1 proteins do not bind single-strand telomeric DNA in vitro or in vivo. We used a combination of endogenous protein purification and recombinant protein analysis to assay for single-strand telomeric DNA binding activity. Not only did we fail to detect binding to singlestrand G-rich telomeric DNA for the A. thaliana POT1a and POT1b proteins, but also for their orthologs from two other Brassicaceae species and from several more distantly related dicots that encode only a single POT1 protein. One drawback of our study is that we were unable to obtain Figure S3 ). Partially purified proteins in complex A were cross-linked to the radioactively labeled telomeric DNA prior to running SDS-PAGE. A 42 kDa product is observed.
soluble recombinant protein from E. coli or using the baculovirus expression system, limiting the amount of protein that we could analyze and thus potentially preventing the detection of low-affinity interactions between the plant POT1 proteins and telomeric DNA. However, telomeric DNA binding is readily detected by RRL-expressed POT1 proteins from yeast and mammals under the same in vitro gel-shift conditions that we employed (Figure 2 ) (Baumann and Cech, 2001; Wu et al., 2006) . We cannot rule out the possibility that single-strand telomeric DNA binding by plant POT1 proteins requires additional post-translational modifications, oligomerization of AtPOT1a and AtPOT1b polypeptides, or protein interaction partners that are not needed for telomeric DNA binding by yeast and vertebrate POT1. Two additional lines of evidence reinforce the conclusion that telomeric DNA binding is not a major function for POT1 proteins from Brassicaceae, and possibly other plants. First, the single-strand telomeric DNA binding activity in A. thaliana nuclear extracts is not perceptibly decreased or altered by the absence of POT1a or POT1b. Second, UV cross-linking of partially purified single-strand telomere binding proteins from B. oleracea, which display high specificity for the plant telomere repeat sequence, identified polypeptides of less than 30 kDa in size, much smaller than the predicted size of BoPOT1a or BoPOT1b (approximately 50 kDa). Furthermore, as discussed below, all previous reports of TTTAGGG repeat binding proteins from plants as evolutionarily diverse as the dicots Silene latifolia, Nicotiana tabacum, Arabidopsis thaliana and Vigna radiate, the monocots Muscari armeniacum and Scilla peruviana, and the unicellular green algae Chlamydomonas reinhardtii identified proteins in the 15-40 kDa range (Petracek et al., 1994; Fulneckova and Fajkus, 2000; Lee et al., 2000; Hirata et al., 2004; Rotkova et al., 2007; Yoo et al., 2007) , again significantly smaller than the POT1 proteins encoded in these genomes (E. Shakirov and D. Shippen, unpublished data) .
While the precise function of plant POT1 proteins remains unclear, one intriguing possibility is that they have evolved a role in the recruitment of telomerase to the G-overhang in a manner similar to the Est1 protein from budding yeast (reviewed by Lundblad, 2003) . Est1 interacts with Cdc13, a core component of the CST G-overhang binding complex, thereby linking the telomerase RNP to the chromosome terminus. Loss of POT1a in Arabidopsis leads to an evershorter telomere phenotype (Surovtseva et al., 2007) , just as the name given to the yeast Est1 mutants implies.
Single-strand telomeric DNA binding proteins in plants
If POT1 is not the major G-overhang binding protein in plants, then what is responsible for protecting telomeric DNA on the chromosome terminus? To address this question, we examined telomeric DNA binding factors in B. oleracea and found four activities that display sequence-specific binding to single-strand telomeric DNA in vitro. Like G-strand binding proteins in vertebrates and rice (Kim et al., 1998; Loayza et al., 2004; Wei and Price, 2004) , the B. oleracea proteins do not have a preference for a free 3¢ telomeric overhang, suggesting that they may also bind to the displaced G-rich strand in the t-loop structure. Nuclear proteins in both Arabidopsis and Brassica prefer to bind to at least three consecutive telomere repeats, with the best substrate having five repeats. These findings contrast sharply with those for POT1 proteins from yeast and vertebrates, which only require two telomeric repeats or fewer for efficient binding (Lei et al., 2004; Wei and Price, 2004; . The biochemical properties of Brassicaceae proteins resemble previously characterized single-strand telomere binding factors from other angiosperms, including soybean (Glycine max), rice (Oryza sativa) and mung bean (Vigna radiata) (Kim et al., 1998; Lee et al., 2000; . All of these plant proteins exhibit strong specificity for their cognate telomere repeat sequences and require three and more telomeric repeats for efficient binding.
The presence of four distinct complexes in B. oleracea versus one in A. thaliana is intriguing. A similar difference in the number of telomeric DNA-bound complexes has previously been reported for Fabaceae, with three complexes in mung bean and only one complex in soybean (Lee et al., 2000; . Both A. thaliana and B. oleracea are diploid species that probably originated from ancient polyploids (Town et al., 2006) through independent diploidization events. Thus, their genomes may differ in the number of retained genes that encode single-strand telomere binding proteins, although this observation alone is unlikely to explain such a striking difference in the number of shifted bands observed in EMSAs. Another interesting possibility is that this variation reflects developmental differences in the number and composition of the telomeric DNA binding complexes in A. thaliana and B. oleracea, as may be the case in mung bean (Lee et al., 2000) and senescing Arabidopsis leaves (Zentgraf et al., 2000) .
Several of the previously characterized single-strand telomeric DNA binding factors from plants are classified as either proteins with RNA recognition motifs (Petracek et al., 1994; Hirata et al., 2004) or plant-specific transcription factors Yoo et al., 2007) , and share no sequence or structural similarity with POT1 or any other OB-fold-containing proteins. Although the genetic and cytogenetic evidence to support a direct role at the telomeric G-overhang is currently lacking, the available biochemical data for at least some of these plant proteins indicate that they contribute to telomere function. Even more intriguing is the recent discovery of a Stn1 ortholog in Arabidopsis that is required for chromosome end protection (Song et al., 2008) . Stn1 sequence homologs are also present in other sequenced plant genomes, from green algae to rice, poplar and probably Brassica. This finding strongly argues that components of the CST complex function at plant telomeres. Thus, despite 20 years of extensive telomere research, the full complement of G-strand binding proteins in plants and probably other eukaryotes remains to be elucidated.
EXPERIMENTAL PROCEDURES
Brassicaceae POT1 cDNA cloning Cauliflower samples were obtained from commercial varieties. A. lyrata seeds were purchased from the Arabidopsis Biological Research Center. RNA extraction and general RT-PCR conditions were as described previously (Shakirov et al., 2005) . To amplify POT1 cDNAs from Brassicaceae species, degenerate primers were designed to several consensus regions that show a high degree of amino acid similarity between Arabidopsis thaliana and Carica papaya POT1 proteins. Partial POT1 cDNA products were amplified by degenerate RT-PCR using SuperScript II reverse transcriptase (Invitrogen, http://www.invitrogen.com/). Full-length POT1 coding regions were subsequently amplified by 5¢ and 3¢ RACE (Ambion http://www.ambion.com) using gene-specific primers. The sequences of cDNAs encoding the following Brassicaceae POT1 proteins were submitted to GenBank: AlPOT1a (EU880293), AlPOT1b (EU880294), BoPOT1a (EU880299) and BoPOT1b (EU880300). CpPOT1 (accession number EU887728) has been described previously (Shakirov et al., 2008) .
Brassica and Arabidopsis nuclear extract preparation
For the Brassica nuclear extract, up to 12 cauliflower heads were ground in a Waring blender (http://www.waringproducts.com) with 2 ml of grinding buffer (25 mM MES pH 6.0, 10 mM MgCl 2 , 5 mM NaCl 2 , 0.5 M sucrose, 40% glycerol, 14 mM b-mercaptoethanol) per gram of tissue. The resulting mass was homogenized using a Polytron (Glenmills, http://www.glenmills.com), and the extract was filtered through cheesecloth and then through Miracloth (Calbiochem, http://www.emdbiosciences.com). The suspension was spun for 10 min at 150 g at 4°C, and then for 30 min at 1400 g in a JA-14 rotor (Beckman Coulter, http://www.beckmancoulter.com). To break chloroplasts, the pellet was resuspended several times in 10 ml wash buffer (25 mM MES pH 6.0, 10 mM MgCl 2 , 5 mM NaCl 2 , 0.5 M sucrose, 25% glycerol, 0.1% Triton X-100, 1.4 mM b-mercaptoethanol), and spun for 30 min at 4°C in a JA-20 rotor (Beckman Coulter) at 3000 g. The final pellet was resuspended in extraction buffer (50 mM Tris/HCl pH 7.8, 10 mM MgCl 2 , 2M NaCl, 0.6 M KCl, 0.2 mM EDTA, 0.5 mM PMSF, 1 mM DTT), and left overnight at 4°C for protein extraction. Nuclear extract was dialyzed against dialysis buffer (50 mM Tris/HCl pH 7.8, 5 mM MgCl 2 , 40 mM KCl, 0.2 mM EDTA, 0.01 mM PMSF, 1 mM DTT, 20% glycerol), and DNA was removed using DNase I. Aliquots were quick-frozen in liquid nitrogen and stored at )80°C until needed.
To prepare Arabidopsis nuclear extract, 2-3 g of Arabidopsis 14-day-old seedlings were ground in liquid nitrogen and incubated on ice for 5-10 min in a 50 ml Falcon tube (BD Biosciences, http:// www.bdbiosciences.com) with 20 ml of NIB buffer containing 5 mM EDTA, 50 mM Tris pH 8.0, 10 mM KCl, 250 mM sucrose, 1.5 mM MgCl 2 , 0.3% Triton X-100, 1mM PMSF, 5 mM b-mercaptoethanol, 1 mM spermine, 1 mM spermidine and protease inhibitor cocktail (Roche, http://www.roche.com). The material was filtered through one layer of Miracloth and spun at 3000 g for 20-30 min in a cold room. After removing the supernatant, the pellet was resuspended in 1 ml of Triton buffer (0.25 M sucrose, 10 mM Tris/HCl, pH 8.0, 10 mM MgCl 2 , 1% Triton X-100, 5 mM b-mercaptoethanol, 1 mM PMSF, 1 mM spermine, 1 mM spermidine and protease inhibitors), and incubated on ice for 5-10 min in a 1.5 ml tube. The extract was then centrifuged in a cold room at 2000 g for 1 min, 4000 g for 1 min and 8000 g for 2 min). If the pellet was still green, indicating that not all chloroplasts are lysed, the steps above were repeated twice. The nuclei pellet was then resuspended in 500 ll of 1.5 M sucrose in NIB buffer (NIB buffer as above plus 1.5 M sucrose, 5 mM b-mercaptoethanol, 1 mM PMSF, 1 mM spermine, 1 mM spermidine and protease inhibitors), and layered on top of 500 ll of 1.5 M sucrose in NIB cushion. Following centrifugation at 14 000 g for 30 min in a cold room, nuclei were frozen in liquid nitrogen and stored in )80°C until needed. To extract nuclear proteins, isolated nuclei were resuspended in 500 ll of extraction buffer containing 20 mM HEPES pH 8, 1 mM MgCl 2 , 0.2 mM EDTA, 300 mM NaCl, 10% glycerol, 1% Triton X-100, 0.1% NP-40, 1 mM DTT, 1 x complete protease inhibitors, and mixed by rotation for 30 min at 4°C. After incubation, the nuclei suspension was spun down at 15 000 g for 15 min at 4°C. Supernatants were collected, instantly frozen in liquid nitrogen and stored at )80°C for further analysis.
EMSA and DNA cross-linking with Arabidopsis and Brassica nuclear extracts
Various concentrations of plant nuclear extract were mixed with 0.5 pmol of 32 P-labeled (TTTAGGG) 5 oligonucleotide in DNA binding buffer (20 mM Tris/HCl pH 8.0, 50 mM NaCl, 10 mM MgCl, 1mM EDTA, 1 mM DTT, 5% glycerol, 15 lg HaeIII-digested E. coli DNA), and incubated at room temperature for 15 min. The complexes were separated on 5% polyacrylamide gels (acrylamide:bisacrylamide 29:1) for 4 h at 150 V in 1 x TBE at room temperature, dried and exposed to film or PhosphorImager screens (Molecular Dynamics, http://www.gehealthcare.com). For RRL-expressed samples, reactions were performed as described previously (Wu et al., 2006) with slight modifications as described by Surovtseva et al. (2007) .
For DNA cross-linking assays, partially purified protein samples from Superose 12 column (GE Healthcare, http://www.gehealth care.com) chromatography were incubated with radioactively labeled (TTTAGGG) 5 as described above for 15 min, and then cross-linked in a UV Stratalinker 1800 (Stratagene, http:// www.stratagene.com/) for 15 min, followed by 10% SDS-PAGE. The gels were dried and exposed to PhosphorImager screens.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 . Electrophoretic mobility shift assay with Brassicaceae POT1 proteins using (TTTAGGG) 5 as a probe. Figure S2 . Purification of telomere binding proteins from B. oleracea nuclear extract. Figure S3 . Size-exclusion chromatography of B. oleracea telomere binding proteins present in complex A. Appendix S1. Supplementary data.
